Experimental solubilities of three benzodiazepines (chlordiazepoxide, diazepam, and lorazepam) in ethanol + water mixtures at 303.2 K are reported. The solubility of drugs was increased with the addition of ethanol and reached the maximum value of a volume fraction of 90 % of ethanol. The Jouyban-Acree model was used to fit the experimental data, and the solubilities were reproduced using previously trained version of the Jouyban-Acree model and the solubility data in monosolvents in which the overall mean relative deviations (OMRDs) of the models were 8.6 %, 21.9 % and 19.3 %, respectively, for the fitted model, the trained version for ethanol + water mixtures and generally trained version for various organic solvents + water mixtures.
Introduction
Ethanol is a common and safe cosolvent to be used in pharmaceutical liquid formulations. Its solubilization power is reasonably high and usually used in the liquid formulations at concentrations lower than 50 %. In addition to solubility enhancement of ethanol, it can affect a drug's absorption, distribution, metabolism, and excretion. Absorption of a drug can be increased by increasing gastrointestinal (GI) blood flow when higher concentration of ethanol exists in the GI fluid. A higher concentration of ethanol may also cause a delay in drug absorption by the induced pyloric spasm. 1 It has also been shown that drugs could affect the bioavailability of ethanol. 2 The solubility of drugs in ethanol + water mixtures is essential preformulation information. The data could be used in recrystallization and also in formulation processes. The concentration of ethanol in pharmaceutical preparations should be kept as low as possible. The method used to optimize the solvent composition of the mixtures for dissolving a desired amount of a drug in a given volume of the solution is the trial and error approach, which is timeconsuming and expensive. Moreover, in the early stages of drug discovery processes, the scarcity of the available amount of drug/drug candidate is another limiting factor. To address this issue, a number of mathematical models have been presented for predicting the solubility of drugs in watercosolvent mixtures. These models and their advantages and limitations were recently reviewed. 3 Of the numerous models developed in recent years, the Jouyban-Acree model is perhaps one of the more versatile models. The model provides very accurate mathematical descriptions for how the solute solubility varies with both temperature and solvent composition. The model is
where x m,T Sat is the solute (mole fraction) solubility in the binary solvent mixtures at temperature T/K, 1 , and 2 are the volume fractions of the solvents 1 (ethanol) and 2 (water) in the absence of the solute, x 1,T Sat and x 2,T Sat denote the mole fraction solubility of the solute in the neat solvents 1 and 2, respectively, and J i are the constants of the model computed by a regression analysis. 3 The existence of these model constants, which require a number of solubility data in water-cosolvent mixtures for training process, is a limitation for the model when the solubility predictions are the goal of the computations in early drug discovery studies. This limitation could be resolved using a trained version of the model for a given water-cosolvent mixture. The trained 
Equation 2 is only applicable for solubility prediction of drugs in ethanol + water mixtures and the effect of drug structures on the solubility was ignored. To provide a general model and also to consider the chemical structure of the drugs, the QSPR models for computing the constants of the Jouyban-Acree model (J i terms) using Abraham solvation parameters (for both solvent and drugs) were reported as
where c, e, s, a, b, and V are the solvent coefficients, subscripts 1 and 2 denote cosolvent and water, respectively, E is the excess molar refraction solute descriptor, S is the dipolarity/polarizability of the solute, A denotes the solute's hydrogen-bond acidity, B stands for the solute's hydrogen-bond basicity, and V is the McGowan volume of the solute in unit of 0.01(cm 3 .mol -1 ). The solvent coefficients (c, e, s, a, b, and V) are obtained by regression analysis of experimental data for a specific process (partitioning between two solvents) and represent differences in the solvent phase properties. The numerical values of Abraham solute parameters of the drugs computed by PharmaAlgorithm 6 and the Abraham solvent coefficients 7 employed in this work are listed in Tables 1 and 2 , respectively.
These terms represent various chemical interactions in the solution. 5 Experimental solubility of diazepam in ethanol + water mixtures at 298.15 K was reported in a previous work. 8 In this work, the experimental solubility of chlordiazepoxide, diazepam, and lorazepam in ethanol + water mixtures at 303.2 K are reported. There is no published solubility data for these drugs in ethanol + water mixtures at 303.2 K. In addition, the applicability of the Jouyban-Acree model to the measured drug solubility data and the prediction capability of above-mentioned trained models for predicting the solubility of drugs in ethanol + water mixtures were investigated.
Experimental Method
Materials. Chlordiazepoxide, diazepam, and lorazepam were purchased from Loghman pharmaceutical company (Iran). Ethanol (99.9%) was purchased from Merck (Germany), methanol (99.8%) was obtained from Caledon (Canada), and double distilled water was used for preparation of the solutions.
Apparatus and Procedures. The binary solvent mixtures were prepared by mixing the appropriate volumes of the solvents with the accuracy of 0.001 volume fraction. The solubility of benzodiazepines in ethanol + water mixtures was determined by equilibrating excess amounts of the solids at 303.2 K using a shaker (Behdad, Tehran, Iran) placed in an incubator equipped with a temperature-controlling system maintained constant within ( 0.2 K. After a sufficient length of time (> 24 h), the saturated solutions of the drugs were filtered using hydrophilic Durapore filters (0.45 µm, Milipore, Ireland), diluted with methanol, and then assayed at 234 nm, 231 nm, and 231 nm, respectively for chlordiazepoxide, diazepam, and lorazepam using a UV-vis spectrophotometer (Beckman DU-650, Fullerton). The preliminary investigations showed that the filter did not absorb the solutes through the filtration process. Concentrations of the diluted solutions were determined from the calibration curves. Details of calibration curves are shown in Table 3 . Each experimental data point represents the average of at least three repetitive experiments with the measured mole fraction solubilities being reproducible on a relative basis within ( 4.2%. The standard relative deviations of mole fraction solubilities ranged from 1.0 % to 6.6 %. The densities of the saturated solutions were determined using a 5 mL pycnometer with the uncertainty of (σ n-1 ) 0.003 to σ n-1 ) 0.018) g · cm -3 . Computational Methods. In the numerical analysis of method I, eq 1 was fitted to the experimental solubility data of each drug and the back-calculated solubilities were used to calculate the accuracy of the fit. In method II, the solubilities of three drugs were predicted using eq 2 employing the experimental solubilities of drugs in ethanol and water. In method III, solubilities of these drugs were predicted using the model constants of eq 1 predicted by eqs 3 to 5 and their solubility in neat water and ethanol at 303.2 K. The mean relative deviation (MRD) was used to check the accuracy of the predictions using
where N is the number of data points in each set. The goodness of fit to each method was also shown by plotting the predicted and experimental solubilities of the drugs against the volume fraction of ethanol. Table 4 lists the experimental solubilities of chlordiazepoxide, diazepam, and lorazepam in ethanol + water mixtures at 303.2 K. There are agreements between aqueous solubility data of diazepam at 303.2 K from this work (0.00018 mol · L -1 ), a published solubility data of diazepam in water at 303.15 K (0.00014 mol · L -1 ), 9 and a recently reported solubility data of diazepam in water at 298.15 K (0.00015 mol · L -1 ) 8 given that solubilities of insoluble crystalline solutes are often difficult to measure. Comparing these three values concerning the temperature, reveal that 0.00014 mol · L -1 is an underestimated datum. There is also a parallel shift in solubility data of diazepam at various solvent compositions of ethanol + water mixtures at 298.15 8 and the corresponding data at 303.2 K from this work. The solubility of drugs increased with the addition of ethanol, reached the maximum values at 1 ) 0.9 and then decreased again in neat ethanol.
Results and Discussion
The solubility of the benzodiazepines was predicted using numerical methods I to III. The experimental and predicted solubilities of the drugs versus the volume fraction of ethanol in the binary mixtures were plotted in Figures 1, 2, and 3 . As shown in the figures, the Jouyban-Acree model fits very well to the experimental solubility data of drugs at all composition ranges of ethanol. This finding is also supported by small MRD values of the back-calculated and experimental solubility data. The main limitation of eq 1 is that it should be trained for each drug employing a minimum number of experimental data in binary solvents; however, when the constants for each system were calculated, the model could be used to predict the solubility at other solvent compositions 10 or other temperatures 11 and the expected prediction MRD is less than 16 %. 10, 11 As further evidence for this finding, the solubility of diazepam at 298.15 K reported in an earlier report 8 was predicted using the model constants of the diazepam in ethanol + water system at 303.2 K (reported in Table 5 of this work) and the obtained prediction MRD is 15.0 %.
The predictive version of the model, i.e., eq 2, predicts the solubility values with reasonable MRD values. The predicted solubilities were compared with the corresponding experimental data, and MRD values were computed and listed in Table 5 . The prediction procedure using eq 2 is straightforward and could be preferred in solubility predictions in ethanol + water mixtures at various temperatures. However, it is only applicable for ethanol + water mixtures. As noticed above, the J i terms of the Jouyban-Acree model could be predicted using eqs 3 to 5 (requiring Abraham solute parameters and solvent coefficients), and the produced prediction errors are comparable with those of eq 2. Although the computations of method III require more efforts, it could be used for the cosolvents with known Abraham solvent coefficients. Generally the overall MRDs observed in these predictions show that the Jouyban-Acree model is robust and could be used for prediction purposes with a relative uncertainty of less than 22 %.
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